2 ABSTRACT. We demonstrate an approach that allows attachment of single stranded DNA (ssDNA) to a defined residue in a protein of interest (POI) so as to provide optimal and welldefined multi-component assemblies. Using an expanded genetic code system, azidophenylalanine (azF) was incorporated at defined residue positions in each POI; copper-free click chemistry was used to attach exactly one ssDNA at precisely defined residues. By choosing an appropriate residue, ssDNA conjugation had minimal impact on protein function, even when attached close to active sites. The protein-ssDNA conjugates were used to: (i) assemble double stranded DNA systems with optimal communication (energy transfer) between normally separate groups; and (ii) generate multi-component systems on DNA origami tiles, including those with enhanced enzyme activity when bound to the tile. Our approach allows any potential protein to be simply engineered to attach ssDNA or related biomolecules, creating conjugates for designed and highly precise multi-protein nanoscale assembly with tailored functionality. 4 biological and orthogonal reaction handles capable of biocompatible reactions that can be placed at precise and designed locations in a protein of interest (POI) irrespective of its starting amino acid composition. For example, protein farnesyltransferase (PFTase) has been used to label Cterminal tetrapeptide tagged proteins with an azide-modified isoprenoid diphosphate for copper catalyzed alkyne-azide click chemistry (CuAAC), (15) or employing nitrilotriacetic acid (NTA) forming chelate complexes on DNA to localize histidine (His) tagged proteins. (16, 17) While these strategies address the problem of multiple functionalisation, they also severely limit the diversity of the protein-ssDNA linkage sites to the termini of the protein only. Furthermore, CuAAC can adversely affect protein structure (both at the primary and tertiary levels) and hence function. (18) (19) (20) Proteins have been modified with azides for CuAAC modification with alkyne-DNA; multiple azides were introduced by global replacement of methionine to azidohomoalanine, leaving only non-buried azides to react with DNA. (21, 22) This methodology is, however, limiting with respect to site selectivity and the requirement for Cu-catalyst.
Here we report how a reprogrammed genetic code(23-26) can be used to introduce a single nonbiological reaction handle at a defined site in proteins, to which ssDNA can be attached through a bio-orthogonal and biocompatible copper-free strained ring promoted alkyne-azide cycloaddition (SPAAC) reaction (Scheme 1). (27, 28) This will dramatically expand sites on a protein available for useful attachment of large adducts such as ssDNA than is currently available in terms of optimal attachment site, stoichiometry, protein orientation, and inter-species communication. This in turn increases the precision and control of assembly, helping to tailor function of the nanoscale assemblies. We demonstrate that the defined protein attachment site coupled with precise orientation on DNA origami surfaces, has significant impact on function. 
RESULTS AND DISCUSSION
To investigate the role of modification site on protein function, two disparate systems were modified with ssDNA at various different residues (Figure 1 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 and effect on the structure-function relationship. (32, 33) Compared to standard SPAAC adducts such as fluorescent dyes, ssDNA represents a much bigger adduct with distinct chemistry, so it is important that site of labelling is optimized in terms of its effect on the POI's structure and function. The residues were selected based on their proximity to functional regions and relative surface accessibility (Figure 1a, b) .
The three sfGFP variants, namely sfGFP The overall fluorescence intensity of unmodified and modified sfGFP variants was very similar indicating that the DNA is not impacting greatly on function ( Figure S3 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 effect is currently unknown, but a similar observation was observed for the enzymatic efficiency of BL (vide infra). The data demonstrates the ability to assemble tiles containing separate protein variants at different positions and to assemble arrays of the same protein while sampling different orientations. Since fluorescence readout is strongly dependent on the dipole orientation of the chromophore, which is particularly important in energy transfer, this system will allow vectorising protein function (input and output in defined orientations) in single molecule mode, for example when adsorbed on surfaces.
A more general and important question arising from the current approach for making enzyme-DNA conjugates in particular is how attachment site and orientation on a surface influences activity. To address both questions, azF containing variants of BL were constructed (Figure 1c 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 to slightly improved substrate binding (lower K M ); BL 105azF was significantly lower primarily due to changes in catalysis (lower k cat ). Given the close proximity of residue 165 to the catalytic site (and essential catalytic residue E166), and that the modification had little impact on function, BL 165azF was taken forward for further investigation as a model for enzyme assembly on the DNA origami tiles.
We initially explored differences in BL enzyme activity when hybridised to the origami tile at different distances to the tile surface; a three-fold excess of enzyme over origami tile was used (7 nM BL, 2.33 nM origami tile, 250 µM nitrocefin). BL is anchored to the tile through hybridisation to an extended staple strand; by changing this staple to extend at either the 3'−end or the 5'−end, BL 165azF can be positioned either closely associated with the origami tiles surface in a relatively rigid, spatially restricted state (i.e. at touching distance, denoted as "down" orientation, Figure 3a) , or protruding away from the tile into the solution in a potentially more dynamic "swinging arm" position(7, 35, 36) (maximum of ~10nm distance, denoted as "up" orientation). This approach allows the position of the protein and the volume sampled relative to the tile to be altered without the need to change the protein-ssDNA conjugate and thus manipulate enzyme activity and multi-protein communication. The co-assembly yield of protein on the DNA origami tile was estimated to be ~40 % based on AFM imaging analysis of sfGFP 204azF (see Table S4 and Figure S5 ). While the average assembly yield of 40% is very respectable, it is lower than in previously reported enzyme origami tile assemblies as we use only one extended staple strand for attachment compared to the use of up to four in other systems. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 In this case, the assemblies were not purified by gel filtration but used directly for activity measurements. The activities of the systems, based on initial rate, will give the raw activity (A raw ) and are determined containing all components, which consist of BL 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 protein assembly on the DNA origami tile is not 100% (vide supra). Under these conditions, BL 165azF had similar activity in either configuration (Figure 3b) , where the apparent enzyme activity was enhanced by ~1.9 fold compared to the free enzyme-ssDNA conjugate in solution (Figure 3c and supporting information) . The rate enhancement (fold enhancement of raw activity in Figure 3c ) is calculated as the ratio of A raw and A unassem ; the latter was determined from the BLssDNA conjugates in solution. To confirm nitrocefin hydrolysis rate enhancement on the enzyme binding to tile, the functionally compromised BL 105azF -dsDNA variant was tested; the rate enhancement was even greater (~4.5) upon hybridisation to the tile.
To obtain a more detailed insight into the impact on tile assembly, the activities determined from the initial rates were calibrated using eq (1) according to published procedures:(3)
(1) Equation (1) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 even larger, reaching 30.0 ± 8.5 for the up orientation, and 25.1 ± 8.8 for the down orientation (Figure 3c) . Thus, the combination of optimal conjugation position with assembly on the tile can lead to greatly improved enzymatic activity, at least in the case of TEM β-lactamase. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 In our case, the assembly of a defined BL-ssDNA moiety on a DNA tile platform generates a microenvironment resulting in improved catalysis. It is not currently known how enzymatic enhancement occurs. This may be through localisation of substrate concentration as seen in planar and positively charged substrates, (37) or through improvement in turnover.(38) Given the structure of nitrocefin (no +ve charge and non-planar) substrate localisation is less likely; the important role of water activation and proton transfer in BL catalysis coupled with the local charged environment of DNA (phosphate backbone), could provide a more likely rationale.
Multi

CONCLUSIONS
We have shown that proteins, including enzymes, can be modified with precisely one DNA strand at defined residues, including close to active sites, using an approach that can be applied 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 origami tiles to precisely study protein activity rather than having to rely on ill-defined systems.
This will be of particular importance for biological systems where orientation is crucial, such as in membrane bound proteins or in multi-enzyme assemblies.
MATERIALS AND METHODS
Protein modification and purification. All sfGFP variants (31) and TEM β-lactamase variants(33) were produced as described previously. Protein (1 equiv) was mixed with modified 5`-BCN DNA (Table S1 , 5 equiv) in 100 mM sodium phosphate buffer (pH 8.0, reaction volume 250µL) for 48 hours at room temperature in the dark. The progress of the modification was monitored using denaturing gel mobility shift assays. The mixture was concentrated using
Amicon filter (10kDa). Purification: sfGFP-DNA conjugates were purified on Superdex 75
10/300 GL column using 50mM HEPES and 75mM NaCl buffer (pH 7.5). BL-DNA conjugates were purified using GE HiTrap Q FF column: the protein was bound to the column in 50mM
Tris (pH 7.4) and eluted using a gradient of 50mM Tris, 1 M NaCl (pH 7.4).
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